In colored table grapes, the anthocyanin contents are inhibited by the high temperature during ripening and berries suffer a lack of skin color, thus affecting their market value. In order to overcome this issue, a research study was planned to evaluate the influence of (S)-cis-abscisic acid (S-ABA) on rates of anthocyanin accumulation in table grapes when applied at different timings of ripening, and to quantify the gradual increase of berry color. The study was conducted in a commercial vineyard of 'Benitaka' table grapes (Vitis vinifera L.), grown under double annual cropping system in a subtropical area. The trials were carried out during two consecutive seasons (i.e., summer season of 2015 and off-season of 2016). The treatments used for the experiments contained 400 mg L −1 S-ABA applied at different timings of veraison (the onset of ripening), as follows: control (with no application); at pre-veraison (PRV); at veraison (V); and at post-veraison (POV). For all S-ABA treatments, a second application was performed 10 days after the first application. Berries were analyzed for weekly and daily anthocyanin accumulations, weekly and daily color index development (CIRG), total soluble solids (TSS) content, titratable acidity (TA), and maturation index (TSS/TA). Grapes subjected to exogenous application of S-ABA at any time of veraison, especially at PRV or at V, significantly increased the anthocyanin accumulation as well as berry color index development. Other chemical properties of grapes (i.e., TSS, TA, and TSS/TA evolution) were not affected by the use of S-ABA and followed a predictable pattern in relation to days of berries ripening.
Introduction
Table grapes are a rich source of phenolic compounds with antioxidant and anti-inflammatory properties, which are helpful in preventing several human diseases [1] [2] [3] . These secondary metabolites are present in different parts of berries, where skin is enriched with anthocyanins, pigments responsible for the red, pink, or black color [4, 5] , and in some cultivars these pigments can also be found in the flesh [6, 7] .
However, when colored table grapes are grown in subtropical areas, high temperatures during ripening may inhibit anthocyanin accumulation and prevent color development, thus negatively
Materials and Methods

Experimental Area and Pre-Conditions
The study was conducted in an 11-year-old commercial vineyard of 'Benitaka' table grapes (Vitis vinifera L.), grafted on 'IAC 766 Campinas' rootstock located at Marialva city, in the state of Parana, Brazil (23 • 29 52.8" S, 51 • 47 58" W, elevation 570 m), under double annual cropping system. The climate of this area is classified as Cfa by Köppen (i.e., subtropical humid) with winter mean temperature below 18 • C, summer mean temperature above 22 • C and 1596 mm of rainfall, which occurs mostly during summer [19] . The trials were carried out during two consecutive seasons (i.e., summer season of 2015 and off-season of 2016). The total precipitation and average temperature during the grape ripening period of the 2015 summer season and 2016 off-season were 462 mm and 23.0 • C and 290 mm and 17.5 • C, respectively. The vines were spaced at a distance of 3.0 × 6.0 m and cane-pruned with eight buds per cane. For uniform bud burst, 2.5% of hydrogen cyanamide was applied on the two terminal buds. Other practices like fertilizer application, weed control, pest and disease management were carried out according to the local practices used [9] .
Treatments and Statistical Design
The isomer (S)-cis-abscisic acid (S-ABA) was provided by Valent BioSciences ® Co. (Illinois, Libertyville, IL, USA), containing 100 g L −1 of active ingredient. The experiments were conducted in a Agronomy 2019, 9, 164 3 of 12 randomized block design, where the treatments were replicated five times, and each plot consisted of one single vine. Ten representative bunches per each plot were marked for further analysis.
The treatments contained S-ABA 400 mg L −1 [9, 15] applied at different timings of veraison, as follows: control (with no application); at pre-veraison (PRV); at veraison (V); and at post-veraison (POV). For all S-ABA treatments, a second application was performed 10 days after the first application in order to potentialize anthocyanin accumulation, according to previous works with this and other grape cultivars [9, 15] . Application timings were identified considering the total soluble solids (TSS) of berries. The first treatment (at PRV) was applied when the berry TSS contents suddenly jumped from 4.0 to 5.7 Brix. Similarly, for the second treatment (at V), TSS was 7.3 Brix and at least 50% of the berries showed change in color, performed 7 days after PRV. The last treatment (at POV) was also applied 7 days after V, where the TSS was 9.5 Brix.
For S-ABA application, only the bunches of the 'Benitaka' table grapes were sprayed using a knapsack sprayer at a pressure of 568.93 psi (39.22 bar) with hollow cone nozzle tips, model JA-1 (1 mm of diameter) (Jacto Group, Pompeia, Brazil), at a volume of 800 L ha −1 in a complete and uniform way. In addition, 0.3 mL L −1 of BreakThru®(Evonik Industries, Essen, Germany), a non-ionic surfactant, was added to all treatments for uniformity of the treatment.
Sampling and Analyses
During both evaluated seasons, anthocyanin contents, color index development, TSS, titratable acidity (TA), and maturation index (TSS/TA) were evaluated on weekly basis starting right from the application of first treatment (at PRV). For this purpose, 30 berries were randomly selected from each plot (i.e., three from each marked bunch with one from the top, one from the middle, and one from the bottom of each bunch). These samples were then split into three subsamples (n = 10) for further evaluation. For both seasons, bunches were harvested when the TSS of the berries stabilized at around 14.0 Brix.
Anthocyanin Evaluations
To determine the anthocyanin content in berries from the first treatment application (at PRV; i.e., 7 days before veraison), samples of 3 g of berry skin were used from each plot, which were gently separated from the flesh using a sterile blade and washed with distilled and de-ionized water. The skins were than dried with a sterilized tissue, and added to 30 mL of acidified methanol (HCl 1% + methanol 99%) and left in the dark for 48 hrs. Spectrophotometer Genesys™ 10S UV-VIS ® (Thermo Scientific, Waltham, MA, USA) at 520 nm was used for evaluating the samples, whereas results were expressed in milligrams of total anthocyanins as malvidin-3-glucoside per gram of berry skin (mg g −1 ) [8] . For evaluating the weekly rate of anthocyanin accumulation (from one week after the treatments application), readings from earlier samples were subtracted from the later ones and divided by the total number of days (i.e., 7 days), and the results were expressed as milligrams of malvidin-3-glucoside per gram of berry skin per day (mg g −1 of skin).
Skin Color Evaluations
A colorimeter CR-10 (Minolta ® , Tokyo, Japan) was used for skin color evaluation. For each plot, 10 berries were analyzed for color development by recording their L* (lightness), C* (chroma), and h • (hue angle). The values of light may range from 0 (black) to 100 (white). Chroma is calculated from the a* and b* of the CIELab scale system. Chroma signifies color purity or color intensity from achromatic (grey) towards chromatic color that starts from zero without any possible end point, but the intensity increases with magnitude. Hue angle refers to the color wheel (i.e., green, yellow, and red in regard to the values of 180, 90, and 0, respectively) [8, 12, 13, 16] . For color index of red grapes (CIRG) from the first treatment application (at PRV), the formula CIRG = (180 − h • )/(L* + C*) was used [20] . The weekly rate of color index of red grape (CIRG), from one week after the application of the treatments, was A digital refractometer DR301-95 (Krüss Optronic, Hamburg, Germany) was used for the TSS evaluation. For this purpose, juice was extracted from 10 berries of each plot, and the results were expressed as Brix. For titratable acidity (TA) determination, a semi-automatic titrator was used, where juice extracted from the berries was titrated with 0.1 N NaOH. The results are presented as percentage of tartaric acid [21] . The maturation index was calculated from the ratio of TSS and TA.
Statistical Analysis
The collected data was analyzed using analysis of variance (ANOVA) and Tukey's HSD (Honest significant difference) test was used to calculate mean significant differences at 5% probability level [22] for all the variables, including rates of anthocyanin and CIRG development. Furthermore, regression analyses were carried out for TSS, TA, and TSS/TA. These procedures were carried out using statistical software SISVAR ® version 5.8 build 80 (Lavras Federal University, Lavras, Brazil) and MS Excel (Microsoft, Washington, WA, USA).
Results
Total and Weekly Rate of Anthocyanin Accumulation
Total anthocyanin accumulation was significantly affected in both seasons by the use of exogenous S-ABA applied at different timings of veraison. After two weeks of the application at PRV, the grape berries started to show increases in the anthocyanin concentration of the skin ( Figure 1 ). During both seasons, all treatments, regardless of their application timing (i.e., at PRV, at V, and at POV), presented a significant increase throughout the berry ripening until harvest. This increase was superior among S-ABA-treated berries in comparison with control treatments from the start of veraison until harvest. It was observed that during both seasons, although at PRV and at V presented higher means as compared with at POV during the process of the berries ripening, in both cases the final means of these treatments were statistically similar to each other and significantly higher than the control treatment.
Moreover, regardless of the different timings of S-ABA application, it was clear the importance of the second application (i.e., 10 days after first one) to keep the accumulation of anthocyanin over time, and this behavior was observed during both growing seasons.
Although the final means of total anthocyanin were similar during both seasons, the development pattern of anthocyanin accumulation was slightly different. During the 2015 summer season, the anthocyanin accumulation was fast after the application of S-ABA, but at the end of the cycle, the increase seemed to stabilize. On the other hand, during 2016 off-season, this behavior varied, where the anthocyanin buildup was initially slow but acquired momentum, and even at harvest, berries showed a tendency towards producing more anthocyanin content, unlike the summer season of 2015, where anthocyanin accumulation stabilized at the time of harvest.
This phenomenon can be more clearly observed from the weekly rate of anthocyanin accumulation ( Figure 1 ). It can be observed that during the summer season of 2015, the weekly rate of anthocyanin accumulation during early ripening stages (at 14 and 21 days after veraison -DAV) was faster as compared to later stages (28 and 35 DAV), where this development stabilized. On the other hand, during the off-season of 2016, the rate of weekly anthocyanin accumulation was not significantly high during the early stages (14 DAV) but gradually increased and was still increasing at harvest. The rate of weekly anthocyanin accumulation during the off-season of 2016 was more efficient compared to the summer season of 2015, whereas during both seasons berries treated with S-ABA at PRV showed a significantly higher accumulation rate followed by at V application. 
Berries Color and Weekly Rate of Color Development
Color development followed the same pattern observed for total anthocyanin accumulation, with a very slight variation during the 2016 off-season. Like anthocyanin color development, it started to increase more quickly in S-ABA-treated berries as compared with non-treated berries ( Figure 2 ). During both seasons, right after the application of S-ABA, the treated berries showed significantly darker color in comparison to control with application at PRV and at V being the superior treatments in terms of color development (Figure 3 ). Multiple S-ABA applications showed similar effect on berries color development as anthocyanin concentration, as previously discussed.
During the 2015 summer season, early S-ABA applications (at PRV and at V) were recorded with higher anthocyanin accumulation throughout the ripening of berries, where at harvest, all treatments were significantly at par with each other, including at POV, except control. On the other hand, for the 2016 off-season, the same behavior was observed for the treatments, but with a little difference, where at harvest, S-ABA applied at POV treatment showed significantly similar results to that of at V application, but lower to at PRV. Overall, all the treatments during off-season were higher than control, but the treatments applied at PRV and at V were recorded with higher means. was performed for all treatments 10 days after the first application, except for the control. Means within columns for the same letter followed by different letters differ significantly by Tukey's test (p < 0.05). ns: non-significant.
Color development followed the same pattern observed for total anthocyanin accumulation, with a very slight variation during the 2016 off-season. Like anthocyanin color development, it started to increase more quickly in S-ABA-treated berries as compared with non-treated berries (Figure 2) . During both seasons, right after the application of S-ABA, the treated berries showed significantly darker color in comparison to control with application at PRV and at V being the superior treatments in terms of color development (Figure 3) . Multiple S-ABA applications showed similar effect on berries color development as anthocyanin concentration, as previously discussed.
During the 2015 summer season, early S-ABA applications (at PRV and at V) were recorded with higher anthocyanin accumulation throughout the ripening of berries, where at harvest, all treatments were significantly at par with each other, including at POV, except control. On the other hand, for the 2016 off-season, the same behavior was observed for the treatments, but with a little difference, where at harvest, S-ABA applied at POV treatment showed significantly similar results to that of at V application, but lower to at PRV. Overall, all the treatments during off-season were higher than control, but the treatments applied at PRV and at V were recorded with higher means. 
Total Soluble Solids (TSS), Titratable Acidity (TA), and Maturation Index (TSS/TA)
Regression analysis showed that TSS contents of 'Benitaka' berries ( Figure 4 ) developed with no effect from the S-ABA application. TSS development through the course of ripening showed a linear regression with days of berries ripening ( Figure 4) . All of the samples reached maximum TSS around 14 Brix during both seasons with no influence from the use of the plant growth regulator.
Regression analysis of TA showed a negative polynomial behavior through the course of berries ripening in both seasons (Figure 4 ). Like TSS, TA was also not influenced by the use of exogenous S-ABA application to the berries. The same can be observed for the maturation index of 'Benitaka' berries, where the regression analysis showed a positive polynomial regression as the berries matured ( Figure 5 , Supplementary tables).
Discussion
It has been demonstrated that exogenous applications of S-ABA around the time of veraison increase the anthocyanin contents in the berry skin of several grape cultivars [8, 12, 13, [15] [16] [17] . This can be attributed to the effects of S-ABA on the expression of genes related to anthocyanin biosynthesis and accumulation of metabolites in grape berries [7, 18, 23] . The use of ABA enhances the accumulation of the myb-related transcription factor VvMYBA1, regulator of UFGT (flavonoid 3-O-glucosyltransferase) gene expression [24] [25] [26] [27] , whereas the UFGT acts specifically for the production of anthocyanins [28, 29] . A second application of S-ABA 400 mg L −1 was performed for all treatments 10 days after the first application, except for the control.
Total Soluble Solids (TSS), Titratable Acidity (TA), and Maturation Index (TSS/TA)
Regression analysis showed that TSS contents of 'Benitaka' berries ( Figure 4 ) developed with no effect from the S-ABA application. TSS development through the course of ripening showed a linear regression with days of berries ripening (Figure 4) . All of the samples reached maximum TSS around 14 Brix during both seasons with no influence from the use of the plant growth regulator. Regression analysis of TA showed a negative polynomial behavior through the course of berries ripening in both seasons (Figure 4 ). Like TSS, TA was also not influenced by the use of exogenous S-ABA application to the berries. The same can be observed for the maturation index of 'Benitaka' berries, where the regression analysis showed a positive polynomial regression as the berries matured ( Figure 5, Supplementary tables) . Some table grape cultivars may respond well to a single application of S-ABA, such as 'Crimson Seedless' [13] , whereas others, like 'Rubi' and 'Niagara Rosada', may need multiple applications to get such benefits [30, 31] .
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It has been demonstrated that exogenous applications of S-ABA around the time of veraison increase the anthocyanin contents in the berry skin of several grape cultivars [8, 12, 13, [15] [16] [17] . This can be attributed to the effects of S-ABA on the expression of genes related to anthocyanin biosynthesis and accumulation of metabolites in grape berries [7, 18, 23] . The use of ABA enhances the accumulation of the myb-related transcription factor VvMYBA1, regulator of UFGT (flavonoid 3-O-glucosyltransferase) gene expression [24] [25] [26] [27] , whereas the UFGT acts specifically for the production of anthocyanins [28, 29] .
Some table grape cultivars may respond well to a single application of S-ABA, such as 'Crimson Seedless' [13] , whereas others, like 'Rubi' and 'Niagara Rosada', may need multiple applications to get such benefits [30, 31] .
Rapid anthocyanin accumulation was observed among S-ABA-treated 'Cabernet Sauvignon' berries during early stages of ripening. Also, the anthocyanin synthesis differed among the two growing seasons of the trial, which can be attributed to the climatological differences among the two seasons [32] . Several environmental factors influence the anthocyanin accumulation in grape skin, including temperature, solar radiation, and the interaction between temperature and solar radiation [33] . Thus, the different pattern of anthocyanin accumulation during the two seasons may have occurred due to differences in the climatic conditions of the two seasons, especially the temperature and its diurnal temperature variation.
The early increase in anthocyanin contents may have occurred due to the fact that less mature berries respond well to S-ABA as compared to more ripe berries, in terms of anthocyanin accumulation and color development [16] . However, some cultivars respond well to late S-ABA application as well [12, 13] . Meanwhile, in the current study, the timing of applying S-ABA had a longer range, where starting from PRV to POV all the treatments showed significant improvement in the anthocyanin contents of the berries, thus allowing a longer period of time for applying the plant growth regulator [16] .
Regarding weekly rate of color development (Figure 2 ), treated berries tend to develop color faster. It can also be observed that berries that produce high color during early stages tend to produce lower daily color development during later stages of berry ripening. Decreases in berry color at later stages may be attributed to the degradation of anthocyanins by glycosidases and peroxidases [32] . During both seasons, the same pattern was observed, where the earlier S-ABA application (at PRV) showed a fast increase during early stages, but decreased over time, and similarly after each application the rate of color development increased in such manner. This behavior is related to the development of anthocyanins in the early stages of ripening. Since berries produced a rapid accumulation of anthocyanins at early stages of berry ripening due to early veraison applications (at PRV and at V) [16, 31] , this is the reason why the color development was also fast during early ripening stages.
The berries showed a predictable pattern of TSS improvement during both seasons. Similarly, no effect of S-ABA was observed over the TSS contents of 'Crimson Seedless' grapes, which ranged from 14 to 15 Brix [34] . The TSS of grapes is not usually influenced by the use of S-ABA [12, 34] , but rather on the environmental conditions and cultural practices [35] . As sugar is the dominant component (90%) of TSS [35] , its accumulation is mostly dependent on photosynthesizing leaves and woody storage parts [36] rather than use of S-ABA, and that is why a linear behavior was observed in the TSS development of 'Benitaka' berries. Application of S-ABA at different concentrations around veraison did not alter the chemical characteristics of 'Sovereign Coronation' grape berries [37] . The TA contents of 'Crimson Seedless' decreased during the course of berry ripening but with no influence from the S-ABA treatments [34] . Unlike TA, the maturation index increased in the same gradual manner that TA decreased, and with high maturation index at harvest of 'Monastrell' [38] as well as 'Chambourcin' grapes [39] , where no effect of ABA application was found on the physicochemical properties of the berries. Several factors can influence the development of these variables and the results can vary according to the cultivar and the environmental conditions in the bunch ripening [40] . In berries of 'Flame Seedless', the application of exogenous S-ABA reduced the TA of berries [41] .
This work was focused on investigating the anthocyanin accumulation, as well as the color development, during the course of berry ripening in response to exogenous S-ABA treatments at different timings of veraison. The study also focused on new aspects of anthocyanin and color development, such as the weekly rate of anthocyanin accumulation and weekly rate of CIRG, which have never been explored before. It was observed that S-ABA significantly improved the color development and anthocyanin accumulation in 'Benitaka' table grapes. Early application of the regulator produced faster anthocyanin accumulation during early weeks of veraison, which stabilized at the time of harvest.
During the 2016 off-season, this behavior slightly differed, but the role of S-ABA in the accumulation of anthocyanin and color development was the same in both cases. Daily rates of anthocyanin accumulation and CIRG followed a similar pattern. These analyses demonstrate that after the exogenous application of S-ABA the rate of daily anthocyanin peaked in response to the treatments, whereas the control treatment did not show any such response. A second application of S-ABA resulted in anthocyanin accumulation over time, as well as the color development of the 'Benitaka' grapes. This result supports the previous findings regarding 'Benitaka' and 'Rubi' table grapes grown in subtropical area [9, 15] , since the levels of ABA decreased after one week of the exogenous S-ABA application. Thus, the second application of this plant growth regulator keeps the gene expression related to anthocyanin accumulation in higher levels, resulting in a better color coverage [29] . However, depending on the cultivar, a single application can be sufficient for color improvement, although when grown in warm areas, a second application is often necessary. The response of the berries towards S-ABA clearly showed that multiple applications of S-ABA are necessary to get such effects. The weekly rate of color and anthocyanin development provides a better idea regarding the amount of anthocyanin that accumulates in the berry skin on a daily basis and helps to establish a better understanding of the behavior of anthocyanin accumulation and its effect on the color development of berry skin. Similar to total anthocyanin accumulation and CIRG, the weekly rates of both variables also varied slightly between the two seasons, but this difference can be more attributed to the climate rather than the use of regulator itself, where a slight change in weather and climate can cause a significant difference in observations [35] . The regression analysis of physicochemical properties (i.e., TSS, TA, and maturation index) reveals that these variables depend on the natural phenology of the vine, as well as other factors including the environment, genotype, cultural practices, etc. However, he use of S-ABA had no observable impact on these variables, which followed a predictable pattern that is usually observed for this cultivar under similar environmental conditions.
Conclusions
For both the summer and off-season crops, treating 'Benitaka' grape berries pre-or at veraison with S-ABA significantly increased the anthocyanin accumulation as well as the color development of the berries. Other chemical properties of grapes (i.e., TSS, TA, and TSS/AT), were not affected by the use of S-ABA and followed a predictable pattern in relation to days of berry ripening.
